Abstract. The nonlinear seismic responses of steel buildings with perimeter moment resisting frames (MRF), modeled as complex 3D MDOF systems, are calculated and the ductility demands, ductility reduction factors and the force reduction factors ( ), are studied. Equivalent 3D models with spatial MRF, two-dimensional models, and equivalent SDOF systems (SD), are also considered. Results indicate that the global and local force reduction factors significantly vary from one structural representation to another and that they are much larger for the SD models. One of the reasons for this is that, although there is equivalence between the SD and MDOF models, the dissipated energy and the number of incursions in the inelastic range are significantly larger for the SD models. In addition, while for the SD models total plasticization occurs, for the SAC and EQ models, even for significant yielding, plastic hinges are developed only in a relatively small number of structural members; therefore, using the factors of the SD models may be conservative. According to the results obtained in this research for the more realistic representation of the steel building (3D), the value of 8 suggested in many codes for the factor for ductile MRF cannot be justified. It is only justified for the SD systems. The implication of this is that non-conservative designs may be obtained if so large value is used. More transparence is needed in the codes regarding the magnitude and the components involved in the factor.
Introduction
Even though in current building codes, the inelastic behavior of structures is explicitly considered by using nonlinear methods, shifting away from the traditional elastic analysis, simplified procedures like the Static Lateral Force Method (SLFM), are broadly used. Most of the major seismic building codes around the world permit the use of this procedure for regular structures with relatively short periods. Thus, conventional seismic design considered in seismic codes is essentially force-based with a final check on displacements. In the mentioned procedure, the force (also called modification or strength) reduction factor ( ) represents one of the most controversial issues. It plays an important role in the determination of the design seismic forces of any building structural system since it allows for a reduction of the elastic strength demands, which produces that structures behave in elastically under the action of moderate and severe earthquakes.
The factor mainly depends on the capacity of the structures to dissipate energy due to inelastic behavior of the material and on the structural over strength [1] [2] [3] [4] . This factor can mathematically be expressed as:
where and are the ductility reduction factor and the structural over strength, respectively. The first of these two factors represent the capacity of a structure to dissipate energy. It is particularly important for steel structures since the beneficial effect of ductility ( ) is supposed to come from different sources. Although the concept of ductility is constantly used in the profession, at present there is no an engineering definition of it in the specifications and codes and there is no unanimity in the profession on how to define it; it is used in an indirect way in design [5] . It is worth to mention that the force reduction factors prescribed in seismic codes are intended to account for damping in addition to energy dissipation capacity and over strength, and that the level of reduction of the elastic force demands is importantly derived from observations of the performance of different structural systems during past earthquakes. For steel buildings, among the different structural systems, moment resisting frames (MRF) have been the most popular because they provide maximum flexibility for space utilization and because of their high ductility capacity. The characteristics of the basic structural system, however, have significantly changed over the years in some developed countries like USA. Because of the fragility of weak-axis connections and economic considerations, the standard practice during the recent past (after the 80 s) in USA has been to build steel buildings with MRF only on two frame lines in each direction, usually at the perimeter (PMRF). The redundancy of the buildings, however, is tremendously reduced. In Mexico, it is common to use steel buildings with MRF at the perimeter and at the interior (SMRF) in both horizontal directions. Due to the large number of fully restrained connections (FRC) of this system, its redundancy is expected to be greater than those of the systems with only PMRF although the structural analysis is more complicated.
Comparison of the performance of these two structural systems, in terms of force reduction factors is undoubtedly of great interest to the profession and therefore it is addressed in this research. Equivalent models with SMRF are considered for this purpose.
An important issue that deserves our attention is that steel buildings with PMRF are usually designed as plane frames to resist the total lateral seismic loading, ignoring the presence of interior gravity frames (IGF). Modeling the buildings as plane frames may not represent the actual behavior of the structure since their dynamic properties in terms distribution of mass and stiffness and energy dissipation characteristics may be quite different. Moreover, the participation of some elements is not considered and the contribution of some vibration modes is ignored. The estimation of the ductility demands and the force reduction factors of steel buildings with PMRF and SMRF, modeled as complex three-dimensional (3D), and the comparison with those of 2D and equivalent single degree of freedom (SDOF) systems, constitutes the primary objective of this paper.
Literature review
There have been many studies regarding the evaluation of the demands and the factor for SDOF systems. This factor was first introduced in ATC-3-06 [6] in the late 70 s and was used to reduce the elastic base shear calculated by elastic analysis according to a 5 % damped acceleration response spectra. Other of the first investigations was conducted by Newmark and Hall [7] . They proposed a procedure to relate and by constructing the inelastic response spectra from the basic elastic design spectra. Hadjian [8] studied the reduction of the spectral accelerations to account for the inelastic behavior of structures. Miranda and Bertero [9] proposed simplified expressions to estimate the inelastic design spectra as a function of the maximum tolerable ductility, the period of the system and the soil conditions of the site. Ordaz and Perez-Rocha [10] proposed a rule to estimate strength-reduction factors for SDOF elasto-plastic oscillators. Borzi and Elnashai [11] derived values of the strength reduction factors needed for pre-determined levels of ductility. Arroyo-Espinoza and Terán-Gilmore [12] from the study of the dynamic response of SDOF systems proposed expressions to estimate strength reduction factors. Levy et al. [13] used an equivalent linearization approach to derive approximate harmonic equivalent stiffness and damping for bilinear systems in the context of earthquake resistant. Karmakar and Gupta [14] performed a parametric study to estimate the dependence of strength reduction factors on strong motion duration, earthquake magnitude, geological site conditions, and epicentral distance for elastoplastic oscillators. Karmakar and Gupta [15] proposed a new model to estimate strength reduction factor spectrums in terms of a pseudo-spectral acceleration spectrum and ductility demand ratio for elastoplastic oscillators.
More recently, Ayoub and Chenouda [16] developed response spectra plot for inelastic degrading structural systems subjected to seismic excitations. They proposed constitutive models for degrading structures which were calibrated against experimental data. Rupakhety and Sigbjörnsson [17] presented ground-motion prediction equations for ductility demand and inelastic spectral displacement of constant-strength perfectly elastoplastic SDOF oscillators. Sanchez-Ricart [18] reviewed the backgrounds that support the values of the reduction factor in the United States, Europe and Japan. It was concluded that the design reduction factor cannot be deduced directly from the performance of the buildings after real earthquakes since the performance implicitly includes the design structural over strength. In spite of the important contributions of these studies on the evaluation of force reduction factors, most of them were limited to SDOF systems. They did not consider the inelastic behavior and energy dissipation of the structural elements existing in actual systems. Reyes-Salazar and Haldar [19] [20] [21] [22] found that moment resisting steel plane frames are very efficient in dissipating earthquake-induced energy and that the dissipated energy has an important effect on the structural response. Reyes-Salazar [23] showed that the values of strength reduction factors depend on the amount of dissipated energy, which in turn depends on the plastic mechanism formed in the frames as well as on the loading, unloading and reloading process at plastic hinges.
A significant number of studies have also been carried out about the evaluation of the and factors for multi degree of freedom (MDOF) systems. Nassar and Krawinkler [24] studied the relationship between force reduction factors and ductility for SDOF and simplified (three-story single-bay) MDOF systems. Santa-Ana and Miranda [25] studied the strength reductions factors for several steel frames modeled as plane MDOF systems considering different soil conditions. Elnashai and Mwafy [26] investigated the relationship between the lateral capacity, the design force reduction factor, the ductility factor and the over strength factor for reinforced-concrete buildings. Reyes-Salazar [23] studied the ductility capacity of plane steel moment-resisting frames; local, story and global ductility were considered. It was shown that using SDOF systems to estimate the ductility capacity may be a very crude approximation. Medina and Krawinkler [27] presented an evaluation on drift demands of regular moment resisting frame structures subjected to ordinary ground motions considering the uncertainty due to differences in the frequency content of the ground motions. In a related study, Medina and Krawinkler [28] studied the strength demands relevant for the seismic design of moment-resisting frames. Cai et al. [29] estimated ductility reduction factors for MDOF systems by modifying ductility reduction factors of SDOF systems through a modification factor. Karavasilis et al. [30] proposed simplified expressions to estimate the behavior factor of plane steel moment resisting frames. Chopra [31] studied the force reduction factors for MDOF systems modeled as shear buildings and its corresponding equivalent SDOF systems. Mollaioli and Bruno [32] developed constant ductility spectra for SDOF and MDOF systems. Ceylan et al. [33] estimated the strength reduction factor for prefabricated industrial structures having a single story, one and two bays. Ganjavi and Hao [34] studied the seismic response of linear and nonlinear MDOF systems subjected to a group of earthquakes recorded on alluvium and soft soils, considering different shear strength and stiffness distribution patterns. Kumar et al. [35, 36] investigated the influence of the frequency content of ground motions, as well as structural parameters and the level of inelasticity, on the inter-story shear and inter-story drift demands in frames designed according to Eurocode 8. Abdollahzadeh and Banihashemi [37] evaluated the response modification factors of dual moment resistant frame with buckling restrained braced (BRB); the tentative value of 10.47 was suggested for ASD method. Lopez-Barraza et al. [38] studied the reduction of the response in terms of inter-story drifts for plane frames with rigid and post-tensioned connections. Rivera et al. [39] evaluated the effect of the dissipated energy on the reduction of the seismic response of plane steel frames modeled as MDOF systems and equivalent SDOF systems. Abdollahzadeh and Faghihmaleki [40] studied some methods of seismic rehabilitation of steel structures of medium moment frame with braces considered in the seismic provisions for steel structures (ANSI/AISCF). Reyes-Salazar et al. [41] studied the ductility reduction factor ( ) for buildings with moment resisting steel frames (MRSF) which were modeled as complex MDOF systems, considering an intermediate level of inelastic structural deformation. They showed that the ductility reduction factors associated to global response parameters may be quite different than those of local response parameters. However, this study was for an intermediate level of inelastic deformation and the over strength factor was not considered. Serror et al. [42] numerically evaluated the values of both damping and ductility reduction factors for steel moment resisting frames with supplemental linear viscous dampers. Hetao et al. [43] investigated the influence of cumulative damage on seismic response modification factors, taking into account the cumulative damage due to hysteretic energy absorption and a new method was developed for improved estimates of the response modification factors. Abdi et al. [44] proposed an equation to determine response modification factors for steel structures equipped with viscous damper devices.
In most of the above-mentioned studies regarding the evaluation of force reduction factors for MDOF systems, plane shear buildings, plane moment resisting steel frames or a limited level of inelastic deformation were considered. It is important to emphasize that modeling buildings as plane frames may not represent their actual behavior since the participation of some elements is not considered and the contribution of some vibration modes are ignored. In addition, limited level of inelastic deformation is not associated to the ductility capacity and consequently to the maximum force reduction factors. Moreover, in most of the studies, the ductility demands or the force reduction factors were evaluated in terms of global response parameters. By using the advancement in computer technology, it is now possible to estimate the seismic responses of buildings by modeling them as complex three-dimensional (3D) MDOF systems with thousands of degrees of freedoms, applying the seismic loadings in time domain as realistically as possible. Then, the accuracy of estimating the force reduction factors, or any related parameter, for simplified systems can be evaluated by comparing the results with those obtained from the complex formulation.
Objectives
As stated earlier, the primary objective of this paper is to estimate the ductility demands and the force reduction factors of steel buildings modeled as complex-3D-MDOF systems. The particular case of steel buildings with PMRF is considered. The specific objectives are:
1. Estimate the ductility demands ( ) of steel buildings with PMRF modeled as 3D systems. An equivalent 3D structural representation of steel buildings with spatial SMRF is also considered. The results are compared with those of 2D structural representations and with those of equivalent SDOF systems. Several levels of structural deformations are considered.
2. Calculate and compare the ductility reduction factors ( ) for the four above mentioned structural representation. The comparison is made in terms of global (inter-story base shear) and local (axial load and bending moment) response parameters.
3. Calculate the values of the force reduction factors ( ) for the four above mentioned structural representations and compare them with the values specified in the codes.
Methodology

Parameters of the study
Two steel building models and twenty strong seismic motions are considered in the study. Four structural representations are used: complex 3D buildings with PMRF, equivalent complex 3D buildings with SMRF, 2D models, and equivalent SDOF systems. The ductility demands, ductility reduction factors and force reduction factors for Global (inter-story shears) and local response parameters (resultant forces at particular structural members) are considered. The used seismic motions are scaled up to get several levels of structural deformations. The Ruaumoko computer program [45] is used to perform the required step by step nonlinear seismic analyses, where the Newmark Constant Average Acceleration Method is used to numerically evaluate the seismic response. The lumped mass matrix, Rayleigh Damping and large displacement effects are also considered. No strength degradation member, bilinear behavior with 5 % of the initial stiffness in the second zone and concentrated plasticity are assumed in the analysis. The interaction axial load-bending moment is given by the yield interaction surface proposed by Chen and Atsuta [46] .
Structural models
SAC models (3D buildings with PMRF)
Several steel model buildings were designed, as part of the SAC steel project [47] , by three consulting firms. They considered 3-, 10 -and 22-level buildings. The 10-level building has a single-level basement and the 22-level building has a 2-level basement. These buildings are supposed to satisfy all code requirements existed at the time of the project development for the following three cities: Los Angeles (Uniform Building Code 1997) [48] , Seattle (Uniform Building Code 1997) [48] and Boston (Building Officials & Code Administration) [49] . The 3-and 10-level buildings located in the Los Angeles area are considered in this study for numerical evaluations to address the issues discussed earlier. They will be denoted hereafter as Models SAC1 and SAC2, respectively and, in general, they will be referred as the SAC Models. They are considered to be bench mark models and have been used in many investigations. The fundamental periods of Models SAC1 and SAC2 are estimated to be 1.02 and 2.34 sec. respectively. The elevations of the models are given in Fig. 1 In this case, the beam-to-column connections are considered to be pinned to eliminate weak axis bending Fig. 1(e) . As it can be seen, the buildings are essentially symmetrical in plan, thus no significant torsional moments are expected to occur. Sizes of beams and columns, as reported [47] , are given in Table 1 for the two models. The columns of the PMRF of Model SAC1 are fixed at the base while those of Model SAC2 are pinned, as considered in the FEMA report. In all these frames, the columns are made of steel Grade-50 and the girders are of A36 steel. For both models, the columns in the GF are considered to be pinned at the base. All the columns in PMRF bend about the strong axis and the strong axes of the gravity columns are oriented in the N-S direction, as indicated in Fig. 1 (b) and 1(e)). The designs of the PMRF in the two orthogonal directions were practically the same. The damping is considered to be 3 % of the critical damping. The buildings are modeled as complex MDOF systems. Each column is represented by one element and each girder of the PMRF is represented by two elements, having a node at the mid-span. The slab is modeled by near-rigid struts, as considered in the FEMA study [47] . Each node is considered to have six degrees of freedom when the buildings are modeled in three dimensions. Additional information about the models can be obtained from the FEMA report [47] .
EQ models (3D buildings with SMRF)
The equivalent 3D buildings (EQ) with SMRF models are designed in such a way that their fundamental period, total mass and lateral stiffness are fairly the same as those of the corresponding buildings with PMRF. The member properties of the equivalent buildings are selected for one direction, say the N-S direction, and then in order to keep the equivalence as close as possible for both horizontal directions, the same properties are assigned to the other direction. The member properties of the EQ models are selected by considering the beam and column properties of the PMRF oriented in the direction under consideration, in addition to those of the beams and columns of the perpendicular (transverse) PMRF. It must be noted that the columns of the transverse frames will bend with respect to their minor axis. The ratio of moments of inertia, or plastic moments, between beams and columns was tried to keep as close as possible for the two structural systems. The same was considered for the case of interior and exterior columns. The equivalent 3D models are referred, in general, as EQ Models and, in particular, as Models EQ1 and EQ2 for the 3-and 10-level buildings, respectively. Their fundamental periods of lateral vibration are estimated to be 1.08 and 2.42 sec, respectively. Fig. 2 shows the pushover curve for the SAC and EQ models. 
D models
For seismic analysis and design purposes, steel buildings with PMRF are modeled as plane frames. In this process, it is assumed that, for a given horizontal direction, half of the seismic loading is supported by each of the PMRF oriented in that direction. Thus, half of the total mass is assigned to each PMRF, which constitutes the plane model. The fundamental periods of vibration are estimated to be 1.13 and 2.46 sec. for the 3-and 10-level models, respectively.
To evaluate the accuracy of this practice, the seismic response in terms of ductility demands and force reduction factors are estimated for 2D structural representation and compared to those of the SAC models. In order to consider the more realistic loading condition, the 3D models are simultaneously excited by the three seismic components of the earthquakes considered; the 2D models are obviously excited by one horizontal component at a time and the vertical component. The pushover curve for this model is not presented in Fig. 2 , but, as expected, its ordinate values (base shear) are essentially half of those of the SAC model. 
SDOF (SD) models
One equivalent SDOF model is considered for the 3-and 10-level buildings. They will be particularly denoted hereafter as Models SD1 and SD2, respectively, and as SD models in general. These systems have a SDOF in each horizontal direction. The elevation and plan of these systems are shown in Fig. 3 . The weight of the equivalent SDOF system is the same as the total weight of its corresponding MDOF system and its lateral stiffness is selected in such a way that its natural period is the same as the fundamental natural period of its corresponding MDOF system. In order to have the equivalence in both horizontal directions, square hollow structural sections were used for columns. They were HSS26×26×1/2 and HSS22×22×1/2 for the 3-and 10-level models, respectively. The damping ratio is selected to be the same for the SAC and the SD models. The yielding strength for the SD model was determined from a pushover analysis; the corresponding pushover curve is also given in Fig. 2 . It must be noted that in a strict sense, the SD models are not the typical SDOF systems studied in the structural dynamics textbooks since axial forces can be developed in the columns under the action of horizontal excitations.
Earthquake loading
The responses of a structure excited by different earthquake time histories, even when they are normalized with respect to the same response parameter, are expected to be different reflecting their different frequency content. To study the responses of the models comprehensively and to make meaningful conclusions, they are excited by twenty recorded earthquake motions in time domain with different frequency contents. Starting from the basic records, the earthquakes are scaled up in such a way that the models develop a maximum inter-story displacement of 1 %, 2 %, 3 %, 4 % and 5 % for the 3-level model and of 1 %, 2 % and 3 % for the 10-level model. The characteristics of these earthquake time histories are given in Table 2 . As shown in the table, the predominant periods of the earthquakes vary from 0.11 to 0.62 sec, which reflects a different frequency contents. The predominant period for each earthquake is defined as the period where the largest peak in the elastic response spectrum occurs, in terms of pseudo accelerations. The earthquake time histories were obtained from the Data Sets of the National Strong Motion Program (NSMP) of the United States Geological Surveys (USGS). Additional information on these earthquakes can be obtained from this data base. 
Ductility definitions
The seismic responses in terms of ductility demands for the structural representations above mentioned are calculated and discussed. A definition of this parameter is needed here for this purpose. In the context of seismic analysis of SDOF systems, ductility can be conceptually defined as the ratio of the maximum inelastic displacement ( ) to the yield displacement ( ). is calculated as the maximum displacement that the system undergoes during the application of the complete seismic loading and as the displacement of the system when it yields for the first time. For MDOF systems, since there are many alternative to define and , there is no unanimity in the profession on how to calculate them. Global ductility for MDOF systems, typically is expressed as the ratio of the maximum absolute lateral displacement of the roof after the complete application of the loading to the absolute lateral displacements of the roof when yielding occurs by the first time. For nonlinear static analysis, this definition works well but for seismic time history analysis it may give unreasonable large values [50, 23] . Since global ductility should represent the overall structural inelastic deformation, it is more appropriate to define it in terms of relative lateral displacements [7, 45, 51] . In this study, global ductility ( ) is defined as the average of the story ductility values ( ), which in turn is defined, similarly to the case of SDOF, as:
where, for a given story, is the maximum inelastic inter-story lateral displacement (drift) after the application of the complete time history of an earthquake, and is the interstory displacement when yielding occurs in the inter-story for the first time. The latter is calculated by using nonlinear static analysis (pushover). 
Results for story ductility ( )
For a given direction and story, the story ductility demands, as defined by Eq. (2), are estimated. For the case of the 3D models (SAC and EQ models), the ductility values are obtained for all the plane frames oriented in the direction under consideration and then the resulting values are averaged over all the frames. Additional subscripts are added to the μ symbol to differentiate the results from one structural representation to another. Thus, , , , , , , and , are used to represent the story ductility demands for the SAC, EQ, 2D and SD models, respectively. The Fig. 4 (g) and 4(h), respectively. Similar results were also developed for the 10-level buildings, but are not shown. A value equal to unity in the plots means that the maximum inter-story displacement was not beyond of the yielding displacement of the story under consideration. It can be observed that, for a given building, level of deformation and story, the values of , , , , , and , significantly vary from one seismic motion to another without showing any trend, even though the level of deformation was approximately the same for each of the seismic motions. It reflects the contribution of the frequency content of the seismic motions on the structural responses. It is also observed that for the 3-level building, for a given level of deformation and story, the values of story ductility tend to increase with the story level for most of the cases. This tendency is not clearly observed for the 10-level building reflecting the influence of the structural complexity on the story ductility demands. The maximum values, however, occur for the last two stories in the case of the SAC and EQ models, indicating, as for the 3-level building, a significant contribution of the higher modes in the response.
Results as those of Fig. 4 were also developed for the E-W direction and for other levels of structural deformation, but are not shown. Only the results in terms of the fundamental statistics (mean value MV and coefficient of variation COV) are presented and discussed (Table 3) . The results of the table corroborate what observed from individual plots in the sense that the story ductility values for the four structural representations are, in general, larger for the upper stories.
For both of the models, the values increase with the level of deformations. It is also shown that, for a given building and structural system, the MV and COV parameters are quite similar for both horizontal directions. The uncertainty in the estimation tend to increase with the level of deformation and it can be quite significant, it reaches values larger than 70 in some cases. For the case of the MDOF representations of the 3-level building, the maximum ductility demand mean values for Story 3 occurs for the EQ model (3.89) which in turn are slightly larger than those of the 2D model, followed by those of the SAC models. However, for Stories 1 and 2 the largest values occur, in general, for the 2D models (3.13), followed by those of the EQ and SAC models. For the 10-level building, smaller values of deformations (1 % and 2 %) and Stories 1 through 6, the largest values occur for the 2D models (1.73), but for the upper stories (7 to 9) the maximum values are for the EQ model (2.95). For the deformation of 3 % and the first six stories, the maximum values are for the 2D structural representation (3.10) followed by those of the SAC and the EQ models while for the upper stories the maximum values are for the SAC models (4.02) followed by those of the EQ and 2D models. From the results of the SD models, it is clearly observed that the mean values are, in all cases, much larger than those of the MDOF representations. Values greater than six are observed in many cases. The implication of this is that, as stated earlier, the structural complexity significantly influences the story ductility demands.
Global ductility ( )
It is assumed in this research that the maximum deformation capacity for the SAC buildings is given for the drifts of 5 % and 3 %, for the 3-and 10-level buildings, respectively. Thus, the global ductility capacity ( ) is associated to these levels of deformations. The values of , as defined earlier in Section 5.1, are calculated for the four structural representations and for the corresponding above mentioned levels of deformations; the results are presented in Table 4 . The results are similar to those of in the sense that for a given building and structural system, the MV and COV parameters are quite similar for both horizontal directions.
The uncertainty in the estimation of can be considerable, reaching values larger than 60 in some cases (2D models). For the 3-level building, the mean values of are slightly larger for the EQ model than for the 2D model, which in turn can be considerable larger than those of the SAC model, while for the 10-level model, the values are larger for the 2D model followed by those of the SAC and EQ models. The implication of this is that, as stated earlier, the structural complexity significantly influences the ductility demands. From the results of the SD models, it can be observed that the mean values of can much larger than those of the 3D (SAC and EQ) and 2D models, implying that modeling the buildings as SDOF systems may be a very crude approximation.
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Objective 2: ductility reduction factor ( )
The factor is mathematically expressed as:
where is the maximum value of the response parameter (global or local) under consideration obtained from an elastic analysis (without considering dissipation of energy) and is the maximum value of the same parameter obtained from an inelastic analysis (considering dissipation of energy by yielding). In the case of global response parameters, and will represent the elastic and inelastic inter-story shear, respectively, while for local response parameters they will represent the elastic and inelastic axial load or bending moment. Additional subscripts are added to to differentiate global from local response parameters or from one structural representation to another. The ductility reduction factors associated to inter-story shears (global parameter) will be denoted as , and 5(g) and 5(h), respectively. Plots for the 3-level building were also developed but are not shown. As for the case of the parameter, it can be observed from the results that, for a given level of deformation, building and story, the values of the ductility reduction factors significantly vary from one seismic motion to another even though the level of deformation was approximately the same for each of the seismic motions, reflecting the contribution of the frequency content of the strong motions on the structural responses. Unlike the case of , the values of the parameter don't necessarily increase with the number of story or occur for the higher levels. However, as for the case of the parameter, they tend to increase with the level of deformation.
Plots similar to those of Figs. 5 were also developed for other levels of structural deformations as well as for the E-W direction, but are not shown. However, only the results in terms of the fundamental statistics are presented and discussed (Table 5 ). The results corroborate what observed from individual plots in the sense that the mean values increase with the level of deformations. As for the case of ductility demands, the MV and COV parameters are quite similar for both horizontal directions. However, the uncertainty in the estimation is smaller for the parameter. For the 3-level building the mean values of , (maximum value is 2.02) are, in general, larger than those of , which in turn are larger than those of , , while for the 10-level buildings, the mean values of , , , are quite similar and smaller than those of , (maximum value is 2.35). For both models, the mean values and the uncertainty in the estimation are significantly larger for the equivalent SD models, mean values close to 4 are observed in some cases. One of the reasons for this is that, although there is equivalence between the SD and MDOF models in terms of mass strength and stiffness, the dissipated energy and the number if incursions in the inelastic range are significantly larger for the SD model. In addition, when yielding occurs in the SD models, plastic hinges are simultaneously developed at both ends of all structural elements (eight columns) implying a totally plasticized structure, whereas for the SAC and EQ models (which have hundreds of beam and columns), even if significant yielding occurs, plastic hinges are developed only in a relatively small number of structural members. Thus, the dissipated energy is overestimated in SD systems implying that using the force reduction factors based on these simplified systems may be too conservative. (6) COV (7) MV (8) COV (9) MOV (10) COV (11) MV (12) COV (13) MV (14) COV (15) MV (16) COV (17) MV (18) COV ( Local ductility reduction factors are now discussed. Values of for the four structural representations of the two models, for axial loads at some columns of the base, are calculated and plots similar to those of ductility factors are developed. However, only the results in terms of the fundamental statistics are presented ( Table 6 ). The results are similar to those of global (story) ductility reduction factors, in the sense that they tend to increase with the level of deformation, that their magnitude is quite similar for both horizontal directions and that they are significantly larger for the SD models. (4) COV (5) MV (6) COV (7) MV (8) COV (9) MOV (10) COV (11) MV (12) COV (13) MV (14) COV (15) MV (16) COV (17) MV (18) COV (19) Level 3 1 However, the magnitude of the mean values may be significantly smaller for the case of , particularly for axial loads, which, in general, are larger for exterior than for interior columns. In simplified seismic analysis and design procedures, like the static equivalent lateral method, the elastic base shear is first estimated and then, it is reduced somehow by using the force reduction factor (taking into account, among other parameters, for energy dissipation). After that, starting from the reduced base shear, equivalent lateral forces are estimated which are applied through the height of the building, and finally, a static analysis procedure is performed by using the equivalent lateral forces to determine the design seismic forces acting on the structural elements. It is clear that the magnitude of the reduction of the total elastic base shear is implicitly used in the resultant stresses at any particular structural element. This similarity in the reduction of global and local response parameters cannot be justified according to the results presented in this study, since as stated above, the reduction magnitude of axial loads, for example, are significantly smaller than those of base shear or bending moment. The implication of this is that non-conservative design may result, showing the limitations of the above-mentioned simplified analysis procedure.
The differences in the magnitude of local reduction factors between axial load and bending moments are produced by many factors: for the case of symmetric buildings, global response parameters, like inter-story shear, are non-collinear. Thus, the base shear for a given direction won't be affected by the horizontal component perpendicular to the direction under consideration. However, collinear local response parameters, like axial load on columns, are affected by the action of the three components. The contribution of each component to the axial load on a specific column may be in phase each other during some periods of time, but may be out of phase for some other periods. This situation does not occur for non-collinear parameters. Moreover, the axial load in a given column is also affected by the distance from their location to the center of stiffness of the structure.
Objective 3: force (or modification) reduction factor
As stated earlier in Section 5.3, in this investigation, the maximum deformation capacity of the models under consideration is assumed to occur for drifts of 5 % and 3 %, for the 3-and 10-level buildings, respectively. Thus, the maximum ductility reduction factors, the ductility capacity as well as the force (or modification) reduction factors, are associated to these levels of deformations. The force reduction factor ( ) for global and local parameters as defined by Eq. (1), is calculated and discussed in this section of the paper. The values of the Ω parameter proposed in other investigations [2, 52] for special moment-resisting steel frames are adopted here. According to these studies, the Ω factor values are 2.8 and 2.3 for the 3-and 10-level buildings, respectively. These values are assumed to be the same for all the structural representations under consideration and for local and global parameters. To have an equivalent parameter to that of global ductility ( ), for a given direction, earthquake and model, the story ductility reduction factors, for the above-mentioned levels of deformation, are first averaged over all the plane frames and then over all the stories; the final average is denoted as . The results are presented in Table 7 . Then, the results are multiplied by the adopted values to obtain the global force reduction factors ( ). In a similar way, the factors corresponding to the maximum drift values are multiplied for Ω to give the local force reduction factors ( ). The fundamental statistics of and are summarized in Table 8 and Table 9 , respectively. It is observed that the mean values of significantly may vary from one structural system to another and that their mean for the EQ models (range 2.91-5.20) are, in general, larger than those of the SAC (range 2.98-4.84) which in turn are larger than those of the, 2D models (range 2.82-4.82). In general, the values are larger for the 3-than for the 10-level model. The mean values and the uncertainty in the estimation are significantly larger for the equivalent SD models (range 8.25-10.86). The mean values resemble those of in the sense that they significantly vary from one structural representation to another, being larger for the SD model and larger for the 3-than for the 10-level buildings. In addition, are larger for axial loads than for bending moments and, in general, larger for exterior than for interior columns. Based on the results of the and parameters for the more realistic 3D structural representations (SAC and EQ models) it is observed the maximum value of this factor is 5.20. In the 2009 edition of the International Building Code, the force reduction factor is called the response modification factor which in turn depends on many factors including the ductility capacity and inelastic performance of structural material and system. According to this code, the maximum value of the force reduction factor (for special moment resisting frames) is 8. In the 2010 edition of the National Building Code of Canada, it is explicitly stated that the reduction factor depends on the structural over strength and on a factor which depends on the ductility capacity and materials. As for the IBC code, the maximum value of this factor (corresponding to the most ductile buildings) is 8. In the 2004 edition of Eurocode 8, the reduction factor depends on an over strength factor and on factors which in turn depend on structural material and structural systems; it can be inferred from the code that the maximum value of the reduction factor is approximately 8. Thus, based on the results of this research these values cannot be justified. More transparence is needed in the codes regarding the magnitude and the components involved in the force reduction factors. (4) MV (5) COV (6) MV (7) COV (8) MV (9) COV (10) MV (11) COV (12) MV (13) COV (13) MV (15) COV (16) MV (17) COV ( 
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Conclusions
The nonlinear seismic responses of steel buildings with perimeter moment resisting frames, modeled as complex 3D MDOF systems are calculated and the ductility demands ( ), ductility reduction factors ( ) and the force reduction factor ( ) are studied. The results are compared with those of equivalent 3D models (EQ) with spatial moment resisting frames (SMRF) as well as with those of two-dimensional (2D) structural representations and equivalent single degree of freedom systems (SD). The 3-and 10-level steel buildings used in the SAC steel project and several strong motion records are considered in the study. Results indicate that the global and local force reduction factors significantly vary from one structural representation to another being much larger for the simplified SDOF representation (SD models). One of the reasons for this is that, although there is equivalence between the SD and MDOF models in terms of mass strength and stiffness, the dissipated energy and the number of incursions in the inelastic range are significantly larger for the SD model. In addition, when yielding occurs in the SD models, plastic hinges are simultaneously developed at both ends of all structural elements (eight columns) representing a totally plasticized structure, whereas for the SAC and EQ models (which have hundreds of beam and columns), even if significant yielding occurs, plastic hinges are developed only in a relatively small number of structural members. Thus, the dissipated energy is overestimated in SD systems. It is also observed that the magnitude the global responses force reduction factors (inter-story shear) is larger than that of local force reduction factors (axial load or bending moments), which in turn are larger for bending moments than for axial loads. Significant differences are observed between the results of the 3-and 10-story building reflecting the influence of the structural complexity on the reductions factors and on the ductility demands. According to the results obtained in this research for the more realistic representation of the steel building models (3D), the value of 8 suggested in many codes for the force reduction factor for the case of ductile steel moment resisting frames cannot be justified; it is only justified for the SD systems. The implication of this is that non-conservative designs may be obtained if so large value is used. It is the authors' opinion that the codes should be more transparent regarding the magnitude and the components involved in the force reduction factors. The conclusions of this paper are for the particular structural systems and models considered in the study. More research is needed to reach more general conclusions.
